Postextrasystolic potentiation (PESP), the increase in contractility that follows an extrasystole, is an interesting phenomenon that has been known for almost 100 years. The literature on this effect is reviewed. It is found that there is significant evidence that the phenomenon is independent of muscle loading and represents a distinct property of the myocardium. Examination of the literature pertaining to the cause of the effect suggests that calcium shifts within the sarcoplasmic reticulum are responsible, although there are some conflicts with this conclusion. The Phenomenon There is considerable evidence supporting the existence of the phenomenon.2-28 There has been some debate concerning the question of whether the PESP response was independent of ventricular load-
Postextrasystolic potentiation (PESP), the increase in contractility that follows an extrasystole, is an interesting phenomenon that has been known for almost 100 years. The literature on this effect is reviewed. It is found that there is significant evidence that the phenomenon is independent of muscle loading and represents a distinct property of the myocardium. Examination of the literature pertaining to the cause of the effect suggests that calcium shifts within the sarcoplasmic reticulum are responsible, although there are some conflicts with this conclusion. Regarding the utility of PESP as a diagnostic test of latent viability of ischemic myocardium, the literature review reveals contradictions and conflicts with several methodological problems of the experiments. Finally, concerning the utility of continuous PESP been known in physiology for about 100 years1 and has been the subject of hundreds of reports. Yet, the results of many of these reports conflict, and it is still unclear what are the meaning and utility, if any, of PESP. The purpose of this article is to review the literature on PESP, with special reference to these two issues, and to suggest the direction for further investigation.
The Phenomenon There is considerable evidence supporting the existence of the phenomenon.2-28 There has been some debate concerning the question of whether the PESP response was independent of ventricular loading. 4, 5, 12, 14, That is, since there is usually a compensatory pause following an extrasystole due to the failure to reset the sinoatrial node, there is a following "compensatory pause"; this results in the diastolic interval of the following systole being longer than the basic beat. As a consequence, there is a longer period for diastolic filling, so "potentiation" might putatively be due merely to this augmented filling.3l334O43-465S-SS Or, conceivably, the potentiation might be due to changes in afterload leading up to the following systole.3040 Additionally, several studies have suggested that the phenomenon is an artifact.16,56,57 However, there have been numerous studies addressing these issues, with particular attention to controlling the loading conditions of the heart muscle being tested, and it has been shown that there clearly is potentiation of contractility in the following systole irrespective of the loading conditions. 4, 5, 12, 32, 40, 47, 49, 57 Although the phenomenon is usually recorded following a ventricular extrasystole, it appears to be equally manifest following an atrial extrasystole.22'27'58 '59 Coupling Phenomenon A fundamental feature of the phenomenon is the increasing degree of potentiation as the interval between the normal systole and the extrasystole becomes shorter. 4, [9] [10] [11] [12] 16, 24, 34, 36, [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] 134 This feature has been noted since earliest reports and is so consistent that it may be used to determine if PESP is occurring, ie, a stimulation sequence may be repeated with a shorter coupling interval to determine if the expected increase in potentiation is present, thus confirming that the original sequence was actually manifesting the phenomenon. To take advantage of this feature, one must, however, be certain that all other intervals are equivalent.12 '73 Cause There have been numerous investigations to determine the cause for the PESP.
Autonomic nervous system. There is conflict in the literature regarding the question of whether changes in the autonomic nervous system are responsible for PESP. Blocking doses of ,B-blocker failed to block the response,6974 as well as postextrasystolic relaxation75 and the more general force-frequency response of increasing heart rate.56'76 Yet, rapid pacing did increase norepinephrine levels in the coronary sinus,77 and there is enhancement of sympathetic nerve activity by single premature beats; in addition, the latter response was found to be related to ventricular extrasystole coupling interval,78 perhaps mediated by alteration in baroreceptors. 64 Further support for an association is the finding that coupled pacing, which is thought to be a form of continuous PESP, acutely lowered mean aortic pres-sure, leading to baroreflex sympathetic activity.79 Thus, the available evidence points toward an associated increase in sympathetic activity with premature extrasystoles but away from the association being causal of the potentiation. A plausible hypothesis would seem to be that baroreceptor-mediated sympathetic simulation might have a modulating effect on the PESP, without being responsible for the fundamental response. In support of this hypothesis is the finding that a given vagal stimulation causes a greater depression of atrial contractile force at lower heart rates. 80 Sodium and potassium. Increasing the rate of stimulation produces a rate-and time-dependent elevation of intracellular sodium,81 but there is no evidence that this has relevance to PESP. There has, however, been more investigation of the role of potassium in the phenomenon. At a potassium concentration of 5.9 mmol/L, the premature action potential has a longer plateau than the preceding control action potential, lending support to the latter being involved in the response. On the other hand, when extracellular potassium concentration is reduced to 1.2 mmol/L, the PESP response may be obtained without the expected prolongation of the premature action potential.82 However, this result does not necessarily support the concept that potentiation is anything other than indirectly related to potassium concentrations since the increase in contractility with an increase in heart rate is associated with a net potassium loss that approximates that seen with a dose of digitaliS,83 thus suggesting instead that the potassium changes might be consequent to changes in concentration of calcium. Indeed, studies of the resting transmembrane potential and the effects of changes in extracellular concentrations of potassium failed to support the concept that potentiation is related solely to changes in fiber potassium content. 3 Calcium. As would be expected from a current understanding of its role in excitation-contraction coupling, calcium appears to be intimately involved in the PESP response. Direct 4'Ca47'84 and indirect calcium measurements85,86 have demonstrated increased intracellular calcium concentrations with paired pacing. Increasing external calcium concentrations increased the inotropic effect of the positive staircase,87,88 but slow channel calcium antagonism failed to alter the inotropic effect of paired pacing in isolated cat cardiac muscle. 87 The strength of contraction was found in one study to be linearly correlated with peak internal calcium,86 but another reported that peak systolic position, which is a measure of cell motion, was markedly increased at a time when peak systolic internal calcium concentration was not changed or slightly increased.89 The This indicates that a change favoring the development of tension is produced in the muscle by the act of contraction and that this change, like that responsible for the NIBA, disappears with time and is able to accumulate. This effect is the PMEA.144 Koch-Weser and Blinks believed that the effects of all changes in rhythm as well as rate can be understood in terms of the general rules governing the production and decay of the NIEA and PHEA: A premature beat encounters more of the NIEA and of the PHEA than the regular beats. Since more of the NIEA than the PMEA is produced by each beat, the effect of the additional NIEA predominates and to an extent that is greater the more premature the beat, ie, the well known coupling phenomenon. The increase in strength of the following beat (PESP) reflects the additional PIEA produced by the premature beat. 110 While these findings are illuminating and interesting, they are actually merely descriptive of the coupling phenomenon associated with PESP and do not give any more insight into the underlying causes of these effects.
Length-dependent activation. Additionally,43 the changes in shape of the end-systolic pressure-volume relationships with PESP were found to be similar to the inotropically induced changes in shape of the forcelength relation found in isolated cardiac muscle, which have been attributed to length-dependent activation.5054 While interesting, these findings lend little information into the underlying causes of these effects.
Change in oxygen consumption and coronary blood flow. A close coupling exists between coronary blood flow and myocardial energy demand due to the dependence of the heart on aerobic metabolism and the near-maximal extraction of oxygen from coronary arterial blood under basal conditions.145 Accordingly, it has been shown that in the diastole immediately following the first potentiated systole, the coronary vascular resistance falls.1'1 This indicates that a transient increase in cardiac metabolic demand is followed immediately by a compensatory coronary vasodilation. This effect could be important in persistent PESP (paired-pulse stimulation), but it is unlikely that it has any effect on the single PESP. Similarly, it has been shown that absent an overall increase in heart rate, there is no increase in oxygen consumption merely with changes in rhythm,145 again making a physiologically important association with single PESP unlikely.
Compartment models. The most widely understood compartment model used to explain phases of tension decline and mechanical restitution following a pause is that of a two-compartment model.3656,106,2847-149 The hypothesis suggests the movement of calcium from a functional "uptake" to a functional "release" compartment. PESP may also be explained by such a model: If the inward calcium current recovers (even partially) before the extrasystole, then some calcium will enter the cell at the extrasystole. If the release compartment is refractory, normal calcium release will not occur, resulting in a weak contraction of the extrasystole. The calcium that entered during the extrasystole will, however, contribute to a larger calcium accumulation in the uptake compartment, which will be presented to the release compartment. The latter, on recovering at the next contraction, will release a greater amount of calcium, resulting in PESP. It is unclear if the "compartments" are physical entities or merely a functional construct. Both compartments are sensitive to ryanodine, which suggests that they both involve the SR, favoring an objective entity.12' At any rate, the compartmental modelling is of more benefit to the possible explanation of excitation contraction coupling than it is to PESP. PESP phenomena are consistent with the two-compartment model of excitation contraction coupling, but the model does little to explain PESP.
Clinical Usefulness There have been numerous attempts to use PESP for clinical purposes, both diagnostic and therapeutic. Diagnostic PESP has been applied extensively in diagnosis in coronary heart disease and valvular heart disease, particularly the former.
Coronary heart disease. 13,158,167,168,171,172,176,181-183 14, 82, 131, 158, 161, 166, 167, 169, [170] [171] [172] 174, 178, [179] [180] [181] [183] [184] [185] [186] 192, 193, 197 In human studies, ventriculography was usually used, but the methods varied considerably. Both biplane4,13 '168,173,196 and single-plane74, 90,104,162,164,69-173,181,185,187,188,194-1s,98,199 techniques were used with qualitative and quantitative analyses of segment motion. Several studies corrected for rotation90, 160, 173, 187, 195, 198 during systole, whereas several did not. 2, 4, 61, 74, 159, 162, 164, [171] [172] [173] 181, 185, 188, 196, 198, 199 185, 186, 190, 193, 194, 201 Most of the experiments used spontaneous or catheter-induced premature ventricular contractions at random coupling intervals without control of basic heart rate or postextrasystolic interval. 2, 13, 14, 57, 82, 90, 97, 131, 158, 159, 162, 164, 166, [168] [169] [170] [171] 173, 176, [178] [179] [180] [182] [183] [184] 187, [189] [190] [191] [192] [197] [198] [199] 202, 203 
Therapeutic
With the discovery that PESP increases myocardial contractility even in the failing ventricle, it is not surprising that it might be considered to be of therapeutic benefit. This is applied by the method of paired pacing, ie, producing an extrasystole every other beat so that there is continuous augmentation of contractility. Numerous studies have demonstrated increased inotrophy in the failing ventricle.S9,69,W'7,210-217 But the initial enthusiasm was replaced with skepticism because of several disturbing corollary discoveries; these include (1) the difficulty of weaning the failing ventricle from paired pacing,207 (2) the increase in oxygen consumption,27,211,215,217 (3) the increased risk of the development of ventricular arrhythmias,207 and (4) the risk of increasing ventricular failure. 210 To possibly compensate for the increased oxygen consumption, it was found that there was an increase in coronary blood flow with paired pacing,213'215'217 which might also compensate for the risk of ventricular arrhythmias, as would introducing the extrasystole in the atrium rather than the ventricle.59
To date, no carefully controlled study of the benefits and risks of paired pacing in the cardiomyopathic ventricle has been reported. With the contemporary possibility of the use of more sophisticated multichannel pacemakers, it would seem that such a study could be more safely undertaken than in the past.
Effects on Diastolic Properties of the Left Ventricle
In no area of PESP research are the results more conflicting than in the analysis of the effect of PESP on diastolic properties of the left ventricle. This is probably because of both difficulties in assessing diastolic properties of the ventricle and the failure of recognition of the need to control all intervals of the PESP relationship. 73 Virtually every result on the spectrum has been reported, including no change in postextrasystolic diastolic properties,14'218 decrease in compliance,219 and increase in compliance.176 It appears that the most carefully controlled studies found "slowed relaxation" following an extrasystole201'220221 that was thought to be secondary to augmented calcium influx and would be consistent with the finding that resting length at any given resting tension does increase slightly on augmentation of systolic force alone. 222 
Conclusions
Review of the literature on the phenomenon of postextrasystolic potentiation has found that there is still much to learn. It appears to be conclusively shown that the PESP response is an intrinsic property of the myocardium and is independent of loading conditions. The specific cause or causes of the effect, however, is not as conclusively known. The most suggestive studies imply transient intramyocardial shifts in calcium, probably within the SR. Regarding the usefulness of PESP as a diagnostic or therapeutic tool, the studies are even less conclusive. The major liability of most of the studies is the failure to induce PESP by standard reproducible methods where all intervals making up the phenomenon are controlled. It seems indubitable that if one is studying the force-frequency response of the ventricle, careful attention to all the details of frequency would be warranted. Unfortunately, this has not always been done; consequently, many of the reported results are dubious. The urgency of determining if PESP predicts myocardium that is potentially salvageable if revascularization is undertaken is still present and recommends larger, more-controlled studies. Concerning the use of continuous PESP (paired pacing) in the therapy of heart failure, the studies are discouraging, although again inconclusive. More carefully designed trials with more carefully controlled pacing intervals also appear to be warranted.
